Microsatellite markers remain the most broadly used molecular marker in eucalypt genetics. A major advantage of microsatellite markers is that they often transfer readily between related taxa circumventing the need to develop new markers de novo in each species. Markers have been developed for a number of species of major economic importance, mainly from the Subgenus Symphyomyrtus, but these may also be available for use in species of lesser economic importance from other subgenera. Here we report on the sourcing of microsatellite markers for E. pilularis (Subgenus Eucalyptus (Formerly Monocalyptus)) from species outside the subgenus. Ninety-seven precent (60 out of 62) of loci that amplified in the source taxon (E. grandis) also amplified in the target taxon E. pilularis. By characterising them on a diversity panel (n = 24) and a pedigree, a subset of 41 loci were distilled out that could be scored reliably and were polymorphic (Mean unbiased heterozygosity = 0.81). Predictions of efficient microsatellite marker transfer among eucalypts based on low evolutionary divergence have largely been borne out and are congruent with accumulating evidence of low sequence divergence within Eucalyptus. Upon this favourable background for microsatellite marker transfer, this study indicates highly efficient transfer is possible by identifying loci with broad PCR optima and adoption of approaches that favour cross-species transfer.
Introduction
Microsatellite markers remain the most broadly used molecular markers in eucalypt genetics (GRATTAPAGLIA et al., 2012) . Their adoption as the preferred marker type for linkage mapping, studies of population diversity and structuring, and relationships amongst individuals and populations of eucalypts, paralleled the uptake in many other species of plants, animals and fungi (BARBARA et al., 2007; GRATTAPAGLIA and KIRST, 2008; SCHLOTTERER, 2001) . A major advantage of microsatellite markers is that they often transfer readily between related taxa circumventing the need to develop new markers de novo in each species, hence they may be available for use in studies of species of less economic importance (PEAKALL et al., 1998) . Forest tree geneticists have benefited particularly from this feature as it has been widely observed that transfer is most successful for species with long generation times, with mixed, or outcrossing breeding systems (BARBARA et al., 2007) , and early predictions of high transfer rates among eucalypts has largely been borne out, and no doubt promoted their widespread application across the group (BYRNE et al., 1996; JONES et al., 2001; KIRST et al., 1997) .
Eucalyptus pilularis Smith (Blackbutt) is a common, tall forest tree found in a wide latitudinal band (25-37°S) on the east coast of Australia. It is the principal hardwood species for sawn timber in northern NSW (HENSON et al., 2007) and along with E. pyrocarpa, it constitutes the Section Pseudophloius, Subgenus Eucalyptus, in the most recent classification of eucalypts by BROOKER (2000) . We have recently investigated the geographical and historical determinants of genetic structure in E. pilularis , and the degree of its relationship with E. pyrocarpa (SHEPHERD and RAYMOND, 2010 ) based on genetic variation at microsatellite loci.
Here we report on the sourcing of microsatellite markers for E. pilularis from outside the Eucalyptus subgenus (Formerly Monocalyptus). The eucalypts, in the broad sense, are a group of some 900 species classified into three genera, Eucalyptus, Corymbia and Angophora (HILL and JOHNSON, 1995) , with most species of economic importance belonging to either the subgenus Eucalyptus or Symphyomyrtus (ELDRIDGE et al., 1994) . The few members of the Eucalyptus subgenus of economic importance, however, means that most genomic resources have been developed in species from subgenus Symphyomyrtus (e.g. E. grandis and E. globulus) (POKE et al., 2005) . For example, a recent review of available genomic resources for the Myrtaceae showed that large numbers (i.e. > 50) of microsatellite markers have been developed in Symphyomyrtus species only (GRATTAPAGLIA et al., 2012) .
In one of the largest studies of trans-subgeneric transfer in eucalypts, we test the transfer of 71 loci sourced from E. grandis or E. urophylla (BRONDANI et al., 2002; BRONDANI et al., 1998; BRONDANI et al., 2006) to E. pilularis and report genetic diversity parameters for one SSR marker developed de novo. We found comparatively high rates of inter-subgeneric transfer (97 %) compared to most previous studies in eucalypts (BYRNE et al., 1996; Glaubitz et al., 2001; JONES et al., 2001; KIRST et al., 1997; SHEPHERD et al., 2006; STEANE et al., 2001) .
Microsatellite markers for Eucalyptus pilularis (Subgenus Eucalyptus);
sourcing genetic markers outside the subgenus This we attributed to a filtering of the tested loci for a subpopulation of PCR robust loci and adoption of reaction conditions favouring transfer in our study.
Methods

Study design and Materials
A two stage assessment was used to test for microsatellite marker transfer to E. pilularis. In Stage 1, a set of 71 markers identified in E. grandis or E. urophylla (Table 1 ) and a single E. pilularis marker were screened on a set of six diverse E. pilularis individuals along with two E. grandis individuals to test compatibility of the loci with standardised PCR conditions (confirmed by amplification of the positive control E. grandis) and conservation of priming sites (confirmed by amplification of E. pilularis).
In Stage 2, a more rigorous assessment of the 24 most promising loci was conducted by screening an expanded set of 16 diverse E. pilularis individuals plus the two parents and six F1 individuals from a controlled pollinated cross (samples provided by Forests NSW) (total of 24 individuals; Table 2 ). The E. pilularis selected for this study were chosen to represent a diverse set of loca- Shepherd et. al.·Silvae Genetica (2013) 62/4-5, 246-255 tions and taken from a larger range-wide collection of E. pilularis made for a study of population diversity .
At both Stages, loci were assessed for polymorphism and assigned a marker rating between 0 and 6 based on whether they transferred to the target taxon (E. pilularis), their degree of polymorphism, and amenability to automated scoring with GeneMapper V3.7 software (Applied Biosystems). Marker ratings were; 0 = no amplification in source taxa, 1 = amplification in source taxon only, 2 = amplification in target taxon but monomorphic, 3 = amplification in target taxon, polymorphic but can't score, 4 = amplification in target taxon, polymorphic, manual score, 5 = amplification in target taxon, polymorphic, assisted-automated score, 6 = amplification in target taxon, polymorphic, automated score. Population diversity parameters were estimated using GenAlEx v6 (PEAKALL and SMOUSE, 2006) . At Stage 2, additional checks for Mendelian inheritance and the presence of null alleles were carried out using data from the F1 progeny. Genotypes were checked for congruence with their parental genotypes with each progeny expected to contain one allele from each parent. The only inconsistencies evident could be explained by the presence of a null allele in one of the parents. Here an offspring appeared as an apparent homozygote where it was expected to be heterozygous based on parental genotypes. 
DNA extraction
DNA was extracted from frozen or air dried foliage using the DNeasy 96 plant kit (Qiagen Pty Ltd, Doncaster, VIC). The frozen tissue protocol was used with the following modifications; 2 % PVP-40 and 2.5 mg/ml charcoal were added to 600 µl of Buffer API. The cell lysis step 65°C was increased to 30 min and an additional wash step with 100 % ethanol was included. DNA was eluted in a final volume of 100 µl of AE buffer (10 mM Tris-Cl, 0.5 mM EDTA; pH 9.0). Starting material consisted of 8 leaf disks (~50 mg of frozen or 10 mg of dried tissue) punched from the leaf using a hole punch. DNA was quantified using Picogreen dye by comparing fluorescence of samples with standard amounts of dsDNA with fluorescence measured using an MWGt Sirius HT-TRF Fluorometer/spectrophotometer (MWG, Ebersberg, Germany). Total yields were 800 ± 500 ng (mean ± SD).
Microsatellite markers and PCR conditions
A total of 71 microsatellite loci from the target taxa (E. grandis or E. urophylla) were tested for transfer to E. pilularis (Supplemental material 1). Additionally, the successful amplification of a microsatellite marker named EPILMYB2, (developed from a clone of the 2 gene from E. pilularis was also tested. The forward and reverse primers sequences were 5'-ATTTGCCCTCCTTC-CCTTT-3' and 5'-CAGAATAATGAAAGAACAACACACA-3', respectively.
Microsatellite loci were amplified using a standardised PCR protocol described previously (SHEPHERD et al., 2006) with the PCR buffer modified to include bovine serum albumin (BSA) at the rate of 0.6 ug/µl and the amount of template reduced to 1 ng per reaction in a total reaction volume of 12 µl. For Stages 1 and 2 of the transfer study (see below), each locus was amplified individually then pooled for analysis on an Applied Biosystems 3730 Genetic Analyser (Southern Cross Plant Genomics, Southern Cross University, Lismore, Australia). The forward primers of each primer-pair were labelled with one of the Applied Biosystems G5 dye set. Raw electropherogram data was processed using GeneMapper V3.7 software (Applied Biosystems) and exported to an Excel spreadsheet (Microsoft). Shepherd et. al.·Silvae Genetica (2013) 62/4-5, 246-255 An independent estimate of the divergence amongst eucalypt groups using a fragment of the CCR gene.
A total of 55 CCR sequences from Eucalyptus (n = 35), Corymbia (n = 18) and Angophora (n = 2) were aligned manually using the alignment explorer of Mega v4 (TAMURA et al., 2007) . Fifty sequences were obtained from GenBank and a further five E. pilularis sequences were obtained by cloning and sequencing as described in Sexton et al. (2010) (A list of the Genbank accession numbers and source organism is given in available from author upon request.
Once an approximate alignment was obtained, a conserved 636 bp fragment of the CCR gene was used to estimate the mean between group divergences amongst sections, subgenera or genera of eucalypts. The fragment represents conserved regions including Exon 4 and part of Intron 5 and Exon 5. Sequences were grouped at the genus, subgenus or section level according to the taxonomy of BROOKER (2000) as shown in Supplemental Material 2. The mean between-groups p-distance was estimated using the "compute between group means" and the "pairwise deletion" options in the Distance module of Mega v4.
Results
Transfer assessment -Stage 1
From the set of 71 loci tested for transfer, nine were not considered as candidates for transfer because they failed to amplify on the E. grandis control samples under the PCR conditions used in this study ( Table 1 ; Rating zero). Ninety-seven percent (60) of the remaining 62 loci (Table 1 ; Rating 1 or higher) amplified in at least one of the six E. pilularis. The EPILMYB2 microsatellite marker also successfully amplified in both E. grandis and E. pilularis samples.
Of the 60 transferred loci, 16 could not be reliably scored due to a complex of peaks as a result of either multi-locus or non-specific amplification and were eliminated from further analysis (Table 1; Rating 3) . A further three loci were monomorphic in E. pilularis (Table  1 ; Rating 2). Thirty-one loci were given the highest rating (5 or 6) for automated scoring suitability ( Table 2 ), indicating that they were polymorphic, single-locus, and possessed electropherogram peak characteristics amenable to automated scoring. The remaining 10 loci were polymorphic but rated 4 indicating their characteristics were less ideal for automated analysis. The mean unbiased expected heterozygosity for these 41 markers (Rankings 4-6) was (mean (SD)) 0.75 (0.23). The EPILMYB2 marker developed for this study from E. pilularis sequence was also polymorphic and possessed characteristics suitable for automated scoring, with an unbiased expected heterozygosity of 0.91.
Transfer assessment -Stage 2
Twenty four loci, including the EPILMYB2 marker, were selected from the pool of markers with a rating of 5 or 6 on the basis of the compatibility of their T a and PCR product size for grouping into sets of loci suitable for multi-plex PCR. These markers were re-assessed for amenability to automated scoring and polymorphism. Two loci, EMBRA 204 and EMBRA 182 were eliminated from further analysis as they could not to be scored and assessed for diversity due to weak signal levels under the pooled analysis of PCR products used here ( Table 3 ). The genetic diversity of remaining transferred loci was not different (n = 21; av. UH e = 0.81 ± 0.19; one-sided t test unequal variances p-value = 0.22; nb EPILMYB2, EMBRA 204 and 182 excluded; Table 3 ) from the entire set of transferred and polymorphic loci (n = 41; see above).
Analysis of parental and offspring genotypes for the controlled pollinated pedigree revealed that no nonparental alleles were observed in the F 1 . However, null alleles probably did occur in EMBRA 070 (data not shown). Most loci (18 out the 24) did not exhibit the (Table 3 ).
An independent estimate of the divergence amongst eucalypt groups at a fragment of the CCR gene.
Sequence variation in an alignment of CCR gene was used to generate estimates of divergence between members of the Symphyomyrtus and Eucalyptus subgenera as a comparison to divergence inferred by the transfer rate for microsatellite markers (Table 4) . A total of 636 bp from the CCR gene, consisting of 172 bp of intronic and 464 bp exonic sequence from Exons 4 and 5 and Intron 4 (alignment not shown) was aligned for 55 eucalypts (See Supplemental Material 1 for list of species and Genbank accession numbers). The percentage divergence between the source section for microsatellite marker origin (i.e. Section Latoangulatae in the Subgenus Symphyomyrtus; estimate based on 12 individuals from 8 species) and target section (Section Pseudophloius from the Subgenus Eucalyptus; estimate based on 5 E. pilularis) averaged 4 % and was congruent with the level of divergence between another subgenus Eucalyptus representative, E. amygdalina (n = 1) and Section Latoangulatae representatives ( Table 4 ). The level of divergence evident between subgenera therefore, was around two fold that of the largest divergence amongst members from different sections of the subgenus Symphyomyrtus (i.e. between SE and SM, or SE and SL; ie. both were 2 %; Table 4 ). We also note that the divergence between Eucalyptus sections and Corymbia sections or representatives of the Angophora genus, ranged between 0.11 and 0.14 %, which was about 2-3 fold the magnitude of divergence evident among subgenera of Eucalyptus (0.04-0.05). Also noteworthy was the consistently lower inter-generic divergences evident between representatives of Angopho-1 Transfer rates may be inflated by non-specific PCR products. 2 Transfer rates exclude non-specific PCR products. 
with the more recent view of sister taxa relationship of Angophora and Corymbia (Table 4) .
Discussion
Assessing and reporting microsatellite transfer rates provides information on the evolution of microsatellite loci and should lead to methods that improve transfer rates (PRIMMER et al., 2005) . We found that transfer of microsatellite loci across subgenera of Eucalyptus can be highly efficient, with 60 out 62 loci that transferred to the laboratory (i.e. amplified on the source taxon ie. E. grandis), transferred across subgenera, and all but 3 exhibited polymorphism in the target taxon.
The transfer rate for the present study tended to be high compared to previously published studies of subgeneric or wider transfer of microsatellite marker in eucalypts which have generally been moderate (i.e. 50-75 %) ( Table 5) . A key exception was a study of intergeneric transfer between Eucalyptus and Corymbia where a transfer rate of 90 % was recorded (SHEPHERD et al., 2006) . These two studies were unique among the tabulated examples in that transfer was assessed in a laboratory other than the one where the markers were developed. Consequently, prior to estimation of transfer efficiencies, loci had to be transferred to the laboratory and amplify on control samples of the source taxon under conditions where there were both deliberate and unintended (i.e. differences between PCR machines, enzymes or other reagents) modifications to the PCR parameters.
In the present study, nine loci were eliminated for consideration in the transfer study because they did not amplify on the source taxon under the imposed PCR conditions. Hence the process of transferring loci among laboratories may have the unintended consequences of filtering for loci with wider PCR optima. In doing so, this process of filtering is further likely to identify loci that are more robust to less-than-perfect primer-template matching, thus leading to inadvertent selection of loci more likely to transfer across species. This process of ascertainment bias, may have helped identify loci that will transfer more frequently across species, and have contributed to the high rates of transfer recorded for the two studies in question.
The adoption of the technique of touchdown PCR may have been a second factor augmenting high realised transfer rates in the present study relative to some earlier studies. Touchdown PCR is a technique invented to circumvent the need to empirically optimise a fixed annealing temperature (T a ) for PCR, because of the difficulties of estimating melting temperatures for templates, or because the template sequence is unknown, hence it a technique particularly valuable for crossspecies transfer of loci (ROUX, 1994) . Optimal T a may not have been tested in the two earlier transfer studies that used fixed T a (JONES et al., 2001; STEANE et al., 2001) as neither report empirical testing for a T a optimum. Higher rates for studies adopting touchdown PCR for crossspecies amplification, where the aim is to commence cycling at a T a above the T a optimum and undergo stepwise decreases as cycling progresses, is consistent with studies of increased success rates for microsatellite markers transfer in birds when fixed annealing temperatures are lowered (PRIMMER et al., 1995) .
In addition to the technical factors discussed, high transfer rates would not be possible were the background biological factors also not suitable. The success of cross-species transfer of microsatellite markers is related to evolutionary distance of the transfer which affects both the divergence in primer site sequence, and insertions in the intervening sequence, and therefore the success of PCR (HEDGECOCK et al., 2004; PRIMMER et al., 2005) .
Early predictions of high rates of microsatellite marker transfer among eucalypts based on experience with relatively small numbers of microsatellite markers and sequence conservation evident at other genetic loci have largely been borne out (BYRNE et al., 1996; GLAUBITZ et al., 2003; KIRST et al., 1997) . And, as the present study shows, despite the difficulties with using SSR transfer rates as a measure of evolutionary divergence (due to ascertainment bias for example), high transfer rates are nonetheless congruent with the accumulating evidence of high sequence conservation in Eucalyptus.
There remains relatively few published phylogenetic studies spanning subgenera of Eucalyptus or the eucalypts more broadly (Eucalyptus, Corymbia and Angophora) (Recently reviewed in GRATTAPAGLIA et al. (2012) ). The study based on internal transcribed spacer (ITS) sequence remains among the most comprehensive, and indicate sequence divergence between subgenera in eucalypts tends to the lower end of that found in sections or genera of other angiosperms (STEANE et al., 1999 ; See Table 2 of BALDWIN et al. (1995) ). Estimates of percentage pairwise divergence between two members of Eucalyptus subgenera ranged from 1.2 to 3 % and were not much different to those within each subgenus (1.9% Symphyomyrtus; 1.0 % Monocalyptus).
Our assessment of subgenus divergence using the CCR gene revealed remarkably similar and low sequence divergence among Eucalyptus subgenera. The percentage divergence in CCR between the source group (Section Latoangulatae n = 12 individuals from 8 species) and target (Section Pseudophloius n = 5 E. pilularis), averaged 4 %, equal to that between another subgenus Eucalyptus representative, E. amygdalina (n = 1) and Section Latoangulatae representatives.
Our analysis of the CCR fragment also provided estimates of inter-generic divergence that revealed divergence between Eucalyptus and Angophora or Corymbia was 2 to 3 fold that among the Eucalyptus subgenera. This again augers well for inter-generic SSR transfer, as was previously reported, but clearly the relationship between sequence divergence and transfer rates is not linear and many other factors influence this relationship. As an aside, we note also the closer affinity between the Corymbia and Angophora genera consistent with more recent views of their taxonomic status (HILL and JOHNSON, 1995; LADIGES and UDOVICIC, 2000) , and favourable prospects for transfer of SSR loci developed in Corymbia to its sister genus (SHEPHERD et al., 2006) .
The present study reports a set of 22 well-characterised microsatellite markers for use in E. pilularis. These loci are likely to be robust to fluctuations in PCR conditions and amenable to use in other species as well, a function of the inadvertent ascertainment bias that occurs when loci are transferred among laboratories that may favour loci with broad PCR optima. Although issues of ascertainment bias muddle estimates of evolutionary divergence, high microsatellite transfer rates for eucalypts are in keeping with the accumulating evidence of high sequence level conservation in the group.
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